A new method for the determination of riboflavin (vitamin B 2 Riboflavin (7, exists in three forms: free riboflavin and two cofactor forms, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). Also known as vitamin B 2 , it is a water-soluble vitamin crucial for metabolism and energy production from carbohydrates, fats and acids (1-3). In addition, several studies demonstrated that riboflavin derivatives may have antioxidant and anticancer activities and can be used in treating different diseases (4). Humans are not able to synthesize and store vitamin B 2 in their bodies. Therefore, it is necessary to provide sufficient amounts of this vitamin through a balanced diet (5). Recommended daily intakes for adults are 1.3 mg and 1.7 mg for women and men, respectively (3). Riboflavin deficiency is usually caused by inadequate dietary intake, disease, drugs, or alcohol abuse. Deficiency leads to skin and mucosal disorders (1). The principal objective of this study was to develop an alternative chronopotentiometric method for vitamin B 2 determination using a glassy carbon (GC) vessel as the working electrode. The GC vessel macroelectrode has been previously used for the determination of tocopherols (6) and mercury (7, 8) , but its use for determination of riboflavin has not yet been demonstrated. Due to the large surface area of this macroelectrode, which depends on the volume of the analysed solution, enhancement in method sensitivity could be achieved. In order to optimise the method, the influence of the most important analytical parameters was investigated. The proposed method was applied for direct determination of vitamin B 2 in commercially available multivitamin pharmaceutical preparations.
INTRODUCTION
Riboflavin (7,8-dimethyl-10-ribitylisoalloxazine) exists in three forms: free riboflavin and two cofactor forms, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). Also known as vitamin B 2 , it is a water-soluble vitamin crucial for metabolism and energy production from carbohydrates, fats and acids (1) (2) (3) . In addition, several studies demonstrated that riboflavin derivatives may have antioxidant and anticancer activities and can be used in treating different diseases (4) . Humans are not able to synthesize and store vitamin B 2 in their bodies. Therefore, it is necessary to provide sufficient amounts of this vitamin through a balanced diet (5) . Recommended daily intakes for adults are 1.3 mg and 1.7 mg for women and men, respectively (3) . Riboflavin deficiency is usually caused by inadequate dietary intake, disease, drugs, or alcohol abuse. Deficiency leads to skin and mucosal disorders (1) .
The principal objective of this study was to develop an alternative chronopotentiometric method for vitamin B 2 determination using a glassy carbon (GC) vessel as the working electrode. The GC vessel macroelectrode has been previously used for the determination of tocopherols (6) and mercury (7, 8) , but its use for determination of riboflavin has not yet been demonstrated. Due to the large surface area of this macroelectrode, which depends on the volume of the analysed solution, enhancement in method sensitivity could be achieved. In order to optimise the method, the influence of the most important analytical parameters was investigated. The proposed method was applied for direct determination of vitamin B 2 in commercially available multivitamin pharmaceutical preparations.
EXPERIMENTAL

Chemicals and reagents
Riboflavin (VB 2 ), thiamine (VB 1 ) and pyridoxine (VB 6 ) were purchased from SigmaAldrich (Germany). VB 2 stock solution (0.5 g/dm 3 ) was prepared daily by dissolving appropriate amounts of solid standard in supporting electrolyte, while working standard solutions were prepared by appropriate dilutions of the stock solution with supporting electrolyte. All other chemicals used were of analytical grade purity. In all experiments, doubly distilled water was used.
Apparatus
All analyses were carried out using the analyser for potentiometric and chronopotentiometric stripping analysis of our own construction (6) . The qualitative characteristic (reduction potential) and quantitative characteristic (transition time) of the analyte were determined automatically by the analyser. The output records were provided by an EPSON-570+ printer. A glassy carbon vessel, cylinder (Sigradur G, HTW, Germany) of an inner (active) surface area of 23.7 cm 2 (D in = 1.9 cm, V = 9.92 cm 3 ) was used as the working electrode. An Ag/AgCl (3.5 mol/dm 3 KCl) electrode was used as the reference electrode. A platinum wire of total surface area of 2.75 cm 2 , wrapped around the reference electrode, served as an auxiliary electrode. In order to renew the macroelectrode surface, the GC vessel was polished with a cotton tampon dipped in the aqueous suspension of aluminium oxide (grain size 0.5 µm). After polishing, the vessel was rinsed with distilled and double-distilled water. Prior to each analysis the glassy carbon vessel was electrochemically activated by a constant current of 48.2 μA in 10×99 potential cycles from 0.017 V to -0.2 V, in the solution usually used for electrode testing (0.018 mol/dm 3 H 2 SO 4 ). After this pre-treatment, the analytical signal of VB 2 was higher and better defined. All laboratory accessories used were cleaned by rinsing first with nitric acid (1:1), then with distilled and double-distilled water. All experiments were carried out at ambient temperature (20 ± 2 o C).
Samples and sample preparation procedures
Five samples of commercially available multivitamin pharmaceutical preparations were used, including vitamin B complex tablets, multivitamin tablets with minerals and multivitamin granules. Samples were purchased from local drugstores (Novi Sad, Vojvodina).
The sample preparation procedure has been described earlier (9) , and it consisted of powdering, dissolution, sonication and filtration. Further, samples were diluted to the final content of VB 2 between 1 mg/dm 3 and 1.7 mg/dm 3 and directly analysed by chronopotentiometry.
RESULTS AND DISCUSSION
Method optimisation
Optimisation of the proposed electrochemical method for chronopotentiometric VB 2 determination using a GC vessel macroelectrode was performed by the examination of the most important experimental parameters described in the following sections, considering the values and reproducibility of riboflavin analytical signal.
Supporting electrolyte. The procedure for optimisation of the supporting electrolyte was done in our previous work (9) , where the glassy carbon disc electrode was used as the working electrode. The 0.025 mol/dm 3 HCl solution was chosen as the optimal supporting electrolyte and used in all further analyses. In the optimal supporting electrolyte, the VB 2 reduction wave appeared at about -0.12 V (vs. Ag/AgCl, 3.5 mol/dm 3 ). Optimisation of the initial potential. The influence of the initial potential on the VB 2 determination using a GC vessel was investigated in the potential range from 0.7 to -0.1 V in model solutions of 1 mg/dm 3 of riboflavin in the supporting electrolyte. The reduction current applied was 48.2 μA, while the final potential was -0.21 V. More negative final potentials caused an extension of the chronopotentiogram. The initial potential of 0.017 V was chosen as optimal (RSD = 1.99%, n = 5).
Optimisation of the reduction current. The influence of the reduction current was investigated in the range from 36.3 µA to 48.2 µA for the VB 2 content of 0.5 mg/dm 3 and from 40.8 µA to 48.2 µA for the VB 2 content of 2 mg/dm 3 . The transition time (τ) exponentially decreased with the reduction current (I) increase for the lower content of the vitamin (τ=7.72×e -0.037I , r=0.9961, n=5). For the higher content of riboflavin, the dependence was linear (τ = −0.15 × I + 9.51, r = 0.9956, n = 5). Considering the rectilinear sequence of the dependence I·τ 1/2 = ƒ(I), the reduction current interval from 37.8 to 48.2 µA was selected as appropriate. In respect to the required sensitivity, an adequate value of current was chosen from the proposed range: smaller reduction currents were chosen for lower contents of the analyte and vice versa. The applied current did not affect the reduction potential of vitamin B 2 , which was in the interval from -0.12 V to -0.14 V in all experiments (RSD = 2.09%, n = 5).
Influence of the working electrode surface area. The influence of the working electrode surface area on the riboflavin transition time was investigated by changing the volume of the analysed solution. The measurements were made in the range from 9.15 cm 2 to 19.63 cm 2 (3-8 cm 3 ). The content of VB 2 was 0.5 mg/dm 3 , and the reduction current applied was 48.2 µA (maximum value of the reduction current of the analyser). Figure  1a) represents the chronopotentiogram for 0.5 mg/dm 3 riboflavin using a glassy carbon disc electrode, whereas Figure 1b) shows the chronopotentiogram for the same content of the vitamin using a glassy carbon vessel electrode as the working electrode, indicating a significant increase of the relative sensitivity of about 10 times. The horizontal lines in Figures 1a) and 1b) show the position of the inflection points corresponding to the reduction time, i.e. analytical signal of VB 2 . 3 ) the analytical signal was higher, but fragmented, possibly due to inappropriate ratio of the working electrode surface area and counter electrode surface area. Additionally, by increasing the working electrode surface area, the applied current density decreased, resulting in extension of the chronopotentiogram and decrease in the method reproducibility. Consequently, for 8 cm 3 of the analysed VB 2 solution (19.63 cm 2 of working electrode surface area) the chronopotentiogram was significantly extended and no analytical signal was observed. The macroelectrode surface area of approximately 13.36 cm 2 (V = 5 cm 3 of VB 2 solution) was chosen as optimal (RSD = 3.12%, n = 5). The influence of the macroelectrode surface area on the analytical signal of vitamin B 2 is presented in Table 1 . It is important to emphasize that the working electrode surface area, as well as the value of the reduction current have to be adjusted according to the analysed content of VB 2 . 
Method validation
The validation procedure of the optimised method was performed by evaluation of the following parameters: linearity, limit of detection (LOD), limit of quantitation (LOQ), precision, selectivity and accuracy.
Linearity. Dependence of the VB 2 analytical signal on the content was investigated in two ranges: 0.05 -0.2 mg/dm 3 and 0.2 -4 mg/dm 3 , under the optimal conditions. The applied reduction current was 40 µA for the lower range and 45 µA for the higher range. Both experiments were conducted in five replicates. The reduction time (τ) -content (C m ) dependences were defined using the least-squares method and are presented in Table 2 , indicating very good linearity. The calculated values of LOD and LOQ were 0.018 mg/dm 3 and 0.054 mg/dm 3 of VB 2 , respectively, and they were in good agreement with the experimental ones. Compared to the LOD value for riboflavin determination using a GC disc electrode (9), the LOD obtained by GC vessel electrode used in this work was about four times lower. It is important to note that the LOD value using a GC vessel electrode could be further decreased by applying higher values of the reduction current, i.e. higher values of current density, which could minimise the extension of the chronopotentiogram. Therefore, measurement of the inflection points as well as the reduction time could be possible. Unfortunately, the analyser used in this study was not able to produce reduction currents higher than 50 µA. The limit of detection could be also decreased by automatic subtraction of the base line from the chronopotentiogram belonging to riboflavin.
Precision. The instrumental precision of the VB 2 chronopotentiometric determination using a GC vessel macroelectrode was tested by five times repeated analysis of the model solutions containing 0.2 mg/dm 3 and 2 mg/dm 3 of the vitamin. The RSD values of the chronopotentiometric signal were used for estimation of the instrumental precision.
The method precision (reproducibility and intermediate precision) was evaluated as well. Reproducibility was determined as the intra-day RSD by the analysis of five model solutions containing 0.2 mg/dm 3 and five model solutions containing 2 mg/dm 3 riboflavin. Intermediate precision was defined as the inter-day RSD value. The model solutions of the same concentrations of riboflavin were analysed every day in five consecutive days. The reduction currents applied in these experiments were 40.0 µA for the lower and 45.0 µA for the higher content of VB 2 . As the RSD values of all experiments related to instrumental and method precision were less than 5%, it can be concluded that the precision of the proposed chronopotentiometric method was acceptable.
Interferences. Considering pharmaceutical and dietary multivitamin preparations, interference problems may come from other vitamins usually present in these products, as well as from filing materials such as different kinds of carbohydrates. The interference study was undertaken by analysing model solutions of VB 2 with and without addition of VB 1 , VB 6 , vitamin C (VC), nicotinic acid, sucrose and glucose, and comparing their VB 2 analytical signals. The influence of the interfering compounds was examined for two contents of VB 2 , 0.5 mg/dm 3 and 1 mg/dm 3 . The contents of the added interfering vitamins were 0.5, 1, 5 and 10 mg/dm 3 , whereas the contents of sucrose and glucose were 5, 10, 15 and 20 g/dm 3 . Similar to our previous work (9), the reduction time of VB 2 was not significantly affected by a 20-fold excess of the tested vitamins and 40000-fold excess of sucrose and glucose. In all experiments related to the interference study, the VB 2 analytical signal did not change more than 7%, indicating a very good selectivity of the proposed method.
HPLC analyses. HPLC parallel analyses of the same pharmaceutical and dietary multivitamin preparations were done in order to estimate the accuracy of the proposed method. The performed HPLC analysis was described in the previous study (9) . The obtained results are shown in the following section.
Determination of vitamin B 2 in pharmaceuticals
The GC vessel macroelectrode was used for the determination of VB 2 in pharmaceutical and dietary supplement multivitamin preparations under optimum experimental conditions, using the standard addition method. The calibration curve method was used as well, but the results were not satisfactory, probably due to the intensive influence of the complex sample matrix. The results obtained using chronopotentiometry and HPLC are given in Table 3 . The paired t-test (11) was used for evaluation of the obtained results.
The contents of VB 2 in the analysed samples determined by the present method and HPLC method were in good agreement, i.e. for the 95% confidence level no statistically significant differences were observed (|t| = 0.18 < t Critical = 2.78). The paired t-test also confirmed no statistically significant differences between the obtained results and the labeled specifications (|t| = 0.35 < t Critical = 2.78).
Preliminary investigations showed that it is possible to determine VB 2 in various drinks after simple preparation step (decarbonation, filtration, addition of the supporting electrolyte, pH adjustment). 
CONCLUSION
A rapid, convenient, accurate and precise chronopotentiometric method for determination of vitamin B 2 in pharmaceutical preparations was developed by using a glassy carbon vessel macroelectrode as a working electrode. The optimized experimental parameters were as follows: 0.017 V initial potential, -0.21 V final potential, reduction current interval from 37.8 µA to 48.2 µA in 5 cm 3 of 0.025 mol/dm 3 HCl supporting electrolyte solution. Under optimal experimental conditions, linear response of VB 2 was observed in the content range 0.05 -4 mg/dm 3 with a relatively low detection limit of 0.018 mg/dm 3 provided by the large surface area of the used macroelectrode. LOD could be additionally decreased using an analyser able to impose higher values of reduction current, i.e. higher current densities, which could minimise chronopotentiogram extensions. The significant increase of the relative sensitivity of about 10 times (compared to the glassy carbon disc electrode) enables higher dilution of samples, which may decrease influences of the matrix. Therefore, smaller quantities of samples are needed for the analysis, contributing to the simplicity and fastness of the sample preparation procedure. The optimised method was successfully used to determine VB 2 in pharmaceutical and dietary multivitamin preparations. The obtained results were in very good statistical agreement with those obtained by a HPLC method. The proposed method could be further applied for VB 2 deter-mination in various samples, including food products, after an appropriate sample preparation procedure.
